Abstract: Posidonia oceanica seedlings produced from beach-cast fruits were planted in an area where this Mediterranean seagrass was lost as a consequence of fishfarming. The effects of substratum type (dead matte vs. meadow) and planting level (above vs. below bottom surface) on seedling survivorship and leaf development were evaluated after 3 years. Seedling capacity to resist uprooting was also tested by comparing survivorship and leaf development after 2 years in seedlings firmly anchored in dead matte by artificial means (mesh-pot) with those planted without any anchoring other than their roots. Survivorship in dead matte was 44 % after 3 years and was not affected by planting level. Seedling planting inside the meadow led to complete mortality after 3 years. Seedlings planted below the bottom surface branched during the second year and 50 % had produced from one to five additional shoots after 3 years. After 2 years, survivorship and leaf development of seedlings planted with mesh-pot anchoring was similar to that of seedlings planted without anchoring. Current environmental conditions in the impacted area allow P. oceanica seedlings to survive, but natural recovery might be limited by propagule availability. Planting of seedlings in dead matte without anchoring does not affect survivorship and leaf development and might be a feasible technique for restoration of P. oceanica meadows.
Introduction
Seagrass meadows are important components of shallow coastal ecosystems for their contribution to biodiversity, biological productivity, nutrient cycling, carbon burial and sediment stabilisation (Hemminga and Duarte 2000 ) . In the last century, human populations in coastal zones have been rapidly increasing. This has increased anthropogenic impacts on seagrass ecosystems, in turn leading to a worldwide decline of seagrasses (Orth et al. 2006a , Waycott et al. 2009 ). Seagrass declines have stimulated interest in seagrass restoration research, and several approaches have been used (Fonseca et al. 1998 , Treat and Lewis 2006 , Paling et al. 2009 ) because adaptation to local conditions and to the features of the seagrass species to be planted is required. A record of seagrass presence in the past, knowledge about what caused seagrass loss and cessation of the activity that caused it are the first requirements that a restoration site should meet (Fonseca et al. 1998 ). Verification that current environmental conditions allow seagrass presence is the next requirement and may be achieved through an assessment of critical environmental factors (i.e., light availability, disturbance by waves or bioturbators) and test-transplants (Short et al. 2002 ) .
Posidonia oceanica is endemic to the Mediterranean Sea, where it forms extensive meadows down to depths of 45 m (Procaccini et al. 2003 ) , meadows that have lost between 5 % and 20 % of their surface area during the last century (Boudouresque et al. 2009 ). Posidonia oceanica is a slow-growing seagrass species (Marb à and Duarte 1998 ) with low sexual reproduction ( D í az-Almela et al. 2006 ) , and these features make recovery from disturbance slow (Gonz á lez- Correa et al. 2005 , Kendrick et al. 2005 ). The consensus is that P. oceanica losses are irreversible within human time scales (Boudouresque et al. 2009 ), but this has not prevented exploration of the ways in which P. oceanica plantings might facilitate meadow recovery.
The first attempts to plant P. oceanica date back to the early 1970s, using fragments of adult plants (Boudouresque 2002 ) . Experimental research was performed in the late 1980s to evaluate the use of vegetative fragments as planting units. Orthotropic rhizomes showed the highest survivorship when planted in autumn (Meinesz et al. 1992 ) and at depths shallower than their origin (Molenaar and Meinesz 1992 ) . Plagiotropic rhizomes with one apical and two lateral shoots performed better than orthotropic rhizomes with one or two shoots (Molenaar et al. 1993 ) . Plagiotropic rhizomes closely planted (5 -10 cm apart) in spring in dead matte and in fine sand colonised by another seagrass ( Cymodocea nodosa ) showed more than 80 % survivorship after 3 years (Molenaar and Meinesz 1995 ) . The use of vegetative fragments of P. oceanica as planting units is supported by evidence that drifting vegetative fragments can re-establish and colonise new areas (Di Carlo et al. 2005 , D í az-Almela et al. 2008 . Indeed, stormgenerated fragments of P. oceanica have been successfully used as planting units (Augier et al. 1996 ) , and they maintain their capacity to grow and re-establish when transferred to sea, even after 3 years of storage in outdoor tanks (Balestri et al. 2011 ) .
Low and variable flowering ( D í az-Almela et al. 2006 ) and high rates of fruit abortion and predation (Balestri and Cinelli 2003 ) mean that the availability of P. oceanica seeds and seedlings is very low and unpredictable, and their use as planting units has been sporadic (Meinesz et al. 1993 , Balestri et al. 1998 ). Mature seeds of P. oceanica found as drift material on beaches are, however, a potential source of seedlings for planting (Belzunce et al. 2005 (Belzunce et al. , 2008 . For example, P. oceanica seedlings from shoreline drift that were planted in dead matte (the mixture of rhizomes, roots and sediment that this species forms) had a 70 % survivorship after 3 years, whereas none of those planted in gravel survived (Balestri et al. 1998 ) .
Research on the conditions and processes that govern the establishment, survival and growth of seagrass planting units, whether vegetative fragments, seeds or seedlings, is essential for understanding natural colonisation and recovery from disturbance of seagrass meadows and to guide their possible restoration. This study reports the results of two test-transplants using P. oceanica seedlings in an area affected by fish-farming. Our first goal was to test if current environmental conditions in the impacted area allow the survival of P. oceanica seedlings. Lack of seedling recruitment suggests that either the impacted area is not suitable for seagrass growth or that some barrier to seagrass colonisation exists. Survivorship and leaf development of seedlings planted in the impacted area were compared over 3 years with those of seedlings planted inside the adjacent meadow, where P. oceanica persisted throughout fish-farming activities and currently forms a meadow with almost 100 % cover. The second goal was to test if seedlings planted in dead matte were able to resist uprooting. Survivorship and leaf development of seedlings firmly anchored in the substratum were compared over 2 years with those of seedlings planted without any anchoring device other than their roots.
Materials and methods

Study site
Hornillo Bay ( Á guilas, southeast Spain; N 37 ° 24.61 ′ , W 1 ° 33.45 ′ ) is a small bay that once supported a continuous Posidonia oceanica (L.) Delile meadow between depths of 5 m and 25 m. Fish farming started in 1989 and, 10 years later, 11 ha of the meadow had been lost (28 % of meadow extent in the bay), whereas another 10 ha were degraded (Ruiz et al. 2001 ). The fish farm was dismantled between 2000 and 2003, but no recruitment of P. oceanica seedlings has been observed in the impacted area, where the substratum is dead matte. Extensive meadows of P. oceanica are still present both inside and outside the bay (Figure 1 ).
Culture of P. oceanica seedlings
Similar to other species of the genus Posidonia , P. oceanica has non-dormant seeds and positively buoyant fruits, being dispersed by water currents after release from the parent plant (Kuo and den Hartog 2006 ) . The fruit has a spongy pericarp that dehisces longitudinally to release a single, sinking seed. Mature seeds show well-developed leaf and root primordia, vascular tissue and high starch content (Belzunce et al. 2005 ) . Seed-bearing fruits can be found on beaches, sometimes in large amounts , and they are a source of viable seeds (Belzunce et al. 2008 ) . The culture of beach-cast seeds of P. oceanica in aquaria to produce seedlings is a straightforward procedure that has been repeatedly demonstrated (Caye and Meinesz 1989 , Buia and Mazzella 1991 , Meinesz et al. 1993 , Bedini 1997 , Balestri et al. 1998 , Belzunce et al. 2008 . Carbon and nutrient reserves contained in the seed are thought to be sufficient to allow the vegetative development of seedlings for 6 -8 months after germination (Belzunce et al. 2008 , Balestri et al. 2009 ).
Planting of P. oceanica seedlings
Two experiments were performed: one started in July 2008 (Experiment 1) and the other in July 2009 (Experiment 2). Seedlings were cultured in the laboratory from fruits collected on nearby beaches during May -June of 2008 and 2009. Briefly, fruits were opened carefully, the seed extracted and each one placed inside a plastic mesh-pot filled with fibreglass wool (Figure 2 A) . We used the meshpots to minimise damage to seedlings, especially the roots, during handling and planting, and to facilitate anchoring in the field. Fibreglass wool is an inert substratum that allows the development of seedling roots while protecting them from mechanical damage. The mesh-pots were placed in a closed, recirculating system of aquaria filled with seawater (salinity, 38) at a temperature of 21 ° C and average photosynthetic photon flux density at the surface of seedling leaves > 100 μ mol m -2 s -1 provided by 500-W halogen lamps, with a 12:12 h light:dark photoperiod. Germination proceeded under these laboratory culture conditions, and, after 8 -12 weeks, the seedlings used for experimental planting had 7 -8 leaves and 1 -3 roots.
Experiment 1: substratum type and planting level
Seedlings were planted following a two-way factorial design with two fixed factors, substratum type (dead matte vs. meadow) and planting level (above vs. below substratum surface) (Figures 1 and 2A, B) . Contrasting planting levels were chosen to evaluate if the extent of contact with sediment affected seedling performance because sediment loading with organic matter from fish faeces and uneaten fish food is considered to be the main driver of aquaculture-related seagrass losses ( D í azAlmela et al. 2009 ). Posidonia oceanica forms extensive meadows in sand, but its presence in rocky substrata is also common (Procaccini et al. 2003 ) and indicates that seedlings are able to establish themselves in limited amounts of sediment. Seedlings were planted in an established meadow to assess the overall effect of seedling manipulation during planting, and it was expected that they would survive and develop because environmental conditions in the meadow allow the growth of adult plants.
Three experimental areas were selected along the boundary between the impacted area (dead matte) and the P. oceanica meadow. A " dead matte " plot and a " meadow " plot were established on either side of the boundary (Figure 1 ). The distance between consecutive areas was 25 m, and the water depth changed from 8.3 m to 12.1 m. Each plot was made up of four parallel lines of six seedlings: the distance between seedlings in a line was 2 m, as was the distance between lines (Figure 1 ). Similarsized seedlings were selected, and a sub-sample of them (n = 43) was measured (number of leaves, width and length of each leaf) before planting to provide an estimate of the initial leaf development of the seedlings. Seedlings were then assigned haphazardly to the three areas. A total of 24 seedlings were planted in each plot, and the planting level was assigned alternately to the seedlings so that there were 12 seedlings per plot and planting level. Each mesh-pot was anchored to the substratum by a 60-cm corrugated iron bar and a 30-cm galvanized iron spike fixed on opposite sides. Mesh-pots were placed either over the substratum surface or buried to the brim in the sediment (Figures 1 and 2A, B) . All seedlings were planted on July 28 -29, 2008.
The plots were monitored after 1 (July 2009), 2 (July 2010) and 3 years (July 2011) to assess seedling survivorship and leaf development. Survivorship was expressed as the percentage of seedlings surviving relative to the initial number of seedlings planted in each plot. The numbers of shoots and leaves of each seedling were counted, and the length and width of each leaf of each seedling were measured at each monitoring date. The presence of two shoots in a seedling was considered a branching event, because seedlings at planting time had one shoot only. The percentage of seedlings that had branched by each monitoring date was calculated for each plot. Leaf development was also described in terms of the number of shoots and leaves per seedling and leaf surface area (cm 2 ) per seedling. The percentages of seedling survivorship and branched seedlings were calculated for each plot. Average values per plot of the numbers of shoots and leaves per seedling and of leaf surface area (cm 2 ) per seedling were calculated and used in statistical analysis.
Experiment 2: anchoring
Seedlings were planted either firmly anchored in dead matte as in Experiment 1 or without any anchoring other than their roots, that is, " mesh-pot " vs. " natural " anchoring (Figures 1 and 2B, C) . Six experimental plots were haphazardly selected in the impacted area at a water depth of 11 m, and 24 seedlings were haphazardly assigned to each plot. Half of the seedlings were planted inside mesh-pots below the substratum surface ( Figure 2B ), whereas the other half were extracted from the mesh-pots, a small hole was dug in the dead matte and each seedling was carefully planted by hand, leaving the seed coat just below the surface of the substratum ( Figure 2C) . A labelled 60-cm corrugated iron bar was inserted near each of these seedlings to mark their position in the plots. As for Experiment 1, each plot was made up of four parallel lines of six seedlings, the distance between consecutive seedlings in a line was 2 m, the distance between lines was 2 m and the factor levels ( " mesh-pot " vs. " natural " anchoring) were alternated along the lines (Figure 1) .
The numbers of shoots and leaves of each seedling were counted in situ , and the length and width of each leaf of each seedling were measured in situ to quantify leaf development at planting time (July 15 -17, 2009) , and these measurements were repeated in the surviving seedlings after 1 (July 2010) and 2 years (July 2011). The percentages of seedling survivorship and branched seedlings were calculated for each plot. Average values per plot of the numbers of shoots and leaves per seedling and of leaf surface area (cm 2 ) per seedling were calculated and used in statistical analysis.
Data analysis
Two-way factorial analysis of covariance (ANCOVA) was used to evaluate the significance of the effects of substratum type, planting level and the interaction of both factors on seedling survivorship and leaf development 1 year after planting (July 2009) in Experiment 1. The depth of plot was included as a covariate because it changed from 8.3 m to 12.1 m. Homogeneity of within-group regression slopes was confirmed prior to performing ANCOVA and Cochran ' s C-tests indicated that group variances were homogeneous.
Most of the seedlings planted in " meadow " plots had died 2 years after planting, and none were left after 3 years (Figure 3 ) . Hence, repeated-measures analysis of variance (ANOVA) was used to evaluate the effect of planting level on seedling survivorship and leaf development only in " dead matte " plots from July 2009 to July 2011. Mauchley tests indicated that the assumption of sphericity of the variance-covariance matrix was not violated. Depth was not considered a covariate in this analysis because all planting levels were at the same depths and previous ANCOVA indicated that depth had no significant effect.
Survivorship and leaf development of seedlings with mesh-pots and natural anchoring were compared from July 2009 to July 2011 using repeated-measures ANOVA. The sphericity assumption was checked using the Mauchley test and, if violated, the Greenhouse-Geisser and Huynh-Feldt adjusted probabilities are provided.
Data analysis was performed using STATISTICA v. 7.1 software (StatSoft , Inc. 2005 ) . The significance level was set to 0.05 for all analyses. 
Results
Experiment 1: substratum type and planting level
Seedling survivorship in July 2009 was higher in dead matte plots (75 % ± 5 % , mean ± SE) than in meadow plots (22 % ± 4 % ) but was not affected by planting level (Figure 3 , Table 1 ). Of 72 seedlings planted in meadow plots, 69 were dead in July 2010, and none were left in July 2011. However, seedling survivorship in dead matte plots was 65 % ± 6 % in July 2010 and decreased to 44 % ± 6 % in July 2011. Planting level did not affect seedling survivorship in dead matte plots over the 3 years of the experiment (Table 2 ) . Seedlings had one shoot at planting time, and none of them had branched after 1 year (Figure 4 A) . Some seedlings that had been planted in dead matte below the substratum surface branched during the second and third years ( Figure 4A ), and 50 % of the surviving seedlings had produced from one to five additional shoots by July 2011. As a result, the average number of shoots per seedling planted in dead matte below the substratum surface increased from one shoot in July 2008 to 2.2 ± 0.2 shoots in July 2011 ( Figure 4B ).
At planting time (July 2008), seedlings had, on average, 8.2 ± 0.3 leaves with a total surface area of 17.9 ± 0.8 cm 2 ( Figure 4C and D). The number of leaves in seedlings planted in meadow plots declined to 3.3 ± 0.3 in July 2009, whereas seedlings planted in dead matte plots had almost twice as many (5.9 ± 0.3 leaves per seedling; Table 1 ). The leaf number in seedlings planted in dead matte below the substratum surface had increased to 10.8 ± 1.6 by July 2011, whereas, in those planted above the substratum surface, it was 4.2 ± 0.5 ( Figure 4C , Table 2: the year × planting level interaction was significant). The average leaf surface area of seedlings planted in dead matte below the substratum surface increased to 106.1 ± 31.5 cm 2 in July 2011, whereas that of the seedlings planted above the substratum surface was only 23.3 ± 10.1 cm 2 ( Figure 4D , Table 2 : the year × planting level interaction was also significant).
Experiment 2: anchoring
Two years after planting, survivorship was 37 % ± 7 % and 26 % ± 8 % for seedlings with mesh-pots and natural anchoring, respectively ( Figure 5 ). The repeated-measures ANOVA indicated that seedling survivorship was not affected by the type of seedling anchoring (Table 3 ) . Some seedlings branched during the first year after planting, and 51 % of the surviving seedlings had produced from one to three additional shoots after 2 years (Figure 6 A) . The number of shoots and the leaf surface area of the seedlings increased from July 2009 to July 2011, but these increases were not affected by the type of seedling anchoring ( Figure 6B and D, Table 3 ). The number of leaves per seedling did not change during the experiment ( Figure 6C , Table 3 ).
Discussion
Our results suggest that current environmental conditions in the fish-farm-impacted area do not prevent the survival of Posidonia oceanica seedlings because almost half of them (44 % ) were able to survive for 3 years after planting. Survivorship of naturally recruited seedlings has been estimated to be 46 % in rocky substratum after 2 years and 67 % -70 % in dead matte (Balestri Table 2 Posidonia oceanica. Repeated-measures ANOVA of the effect of " planting level " on survivorship and leaf development of seedlings planted in " dead matte " plots (Experiment 1) from July 2009 to July 2011. Significant results are indicated in bold. and 50 % of them had produced at least one additional shoot after 3 years. Balestri et al. (1998) found that only 15 % of seedlings naturally recruited in dead matte had produced a new shoot after 3 years. Hence, contact with sediment in the study site did not seem to be detrimental for seedling development, even though the organic matter content of sediment in the impacted area, from 2.2 % to 3.5 % of sediment dry weight (Dom í nguez et al. 2012 ) , is higher than that of non-impacted areas nearby ( < 2 % of sediment dry weight; Ruiz et al. 2001 , Ramos et al. 2003 . The absence of branching of seedlings planted above the substratum surface suggests that this planting level is not conducive to good vegetative development in the long-term.
Recruitment of P. oceanica seedlings occurs from May to August (Buia and Mazzella 1991 ) and seedlings can be found in rock, gravel and dead matte, but survivorship is highest in the latter (Balestri et al. 1998 , Piazzi et al. 1999 . The lower survivorship of seedlings established in dead matte at 2 m depth than at 10 m depth has been attributed to differences of water movement with depth (Piazzi et al. 1999 ). Hornillo Bay is exposed to prevailing winds and waves coming from east and southwest directions. However, seedlings planted with no anchoring had the same survivorship and leaf development as those firmly anchored using mesh-pots. This indicates that seedlings are able to withstand even the highest levels of hydrodynamic conditions that may occur in the impacted area during the year if seedling establishment is facilitated by planting. Drifting, unattached P. oceanica seedlings (natural recruits) were never observed in the experimental plots, and this suggests that seed supply in the impacted area might be very low. Discriminating among this and other possible causes limiting the natural recovery of the impacted area via sexual reproduction will require further experimental studies.
Seedlings planted inside the P. oceanica meadow were not able to survive, and most of them died after 2 years. We suggest that seedling development inside the P. oceanica meadow might be hindered by the shading imposed by the leaf canopy ( < 60 μ mol m -2 s -1
, a 95 % reduction of the light reaching the top of the canopy; Dom í nguez et al. 2012 ), a light level that limits photosynthesis in this species (Alcoverro et al. 1998 ) . Although this shading level might be considered maximal because P. oceanica leaf canopy achieves its maximum development in summer (Alcoverro et al. 1995 ) , sustained low light might impose a negative carbon balance on the seedlings recruited in the meadow in the long-term. Shading has been also suggested as the process driving mortality. For example, the summer loss of seedlings recruited inside shallow (0.7 m depth) Zostera marina meadows in Limfjorden, Denmark (Olesen 1999 ) . This hypothesis requires experimental testing.
Our results suggest that well-developed P. oceanica meadows are not suitable recruitment sites for seedlings if naturally-recruited seedlings perform in a similar way to those we planted. Discovering seedlings outside meadows led Balestri et al. (1998) to hypothesize that suitable recruitment sites might be separated from sites where adult plants occur, and we provide the first experimental evidence of the incapacity of transplanted P. oceanica seedlings to survive inside a well-developed meadow. Hence, sexual reproduction in P. oceanica would mainly contribute to the formation of new meadows in sites where the species is not present or to the recolonisation of defoliated, low-shoot density areas or meadow gaps. The positive buoyancy of P. oceanica fruits further suggests that sexual reproduction in this species facilitates plant dispersal and the formation of new meadows in locations far from the parent meadows. This is in line with evidence for other Posidonia species and other seagrasses with nondormant, buoyant fruits, such as Enhalus or Thalassia (reviewed by Orth et al. 2006b ). The regular presence of P. oceanica meadows in rocky reefs (Procaccini et al. 2003 ) suggests that seedlings are also able to recruit in this type of substratum. Indeed, a high density (80 seedlings m -2 ) of 1-year-old seedlings established in shallow (2 -3 m depth) rocks and sandy patches was reported in Corsica . Further studies are necessary to identify the mechanisms of establishment of P. oceanica seedlings in different types of substrata and the environmental conditions of the suitable recruitment sites.
Test-transplants to assess if environmental conditions allow seagrass presence is a main guideline in any restoration project (Fonseca et al. 1998 , Short et al. 2002 ). The use of seedlings for this purpose (Lewis 1987 , Balestri et al. 1998 , Kirkman 1999 and to evaluate different planting techniques (Marion and Orth 2010 , Zarranz et al. 2010 ) has been satisfactory. In the case of P. oceanica , the only previous attempts to use seedlings in restoration were those of Balestri et al. (1998) . Culture of beach-cast seeds of P. oceanica in aquaria to produce seedlings is a simple procedure (Caye and Meinesz 1989 , Buia and Mazzella 1991 , Meinesz et al. 1993 , Bedini 1997 , Balestri et al. 1998 , Belzunce et al. 2008 . These seedlings can be used to elucidate factors and processes affecting the early life of P. oceanica and evaluate planting techniques. This is a particularly useful approach considering that beach-cast P. oceanica fruits will eventually die. Thus, damage to donor meadows through seed removal or the extraction of plant fragments is avoided. The use of seeds or seedlings in seagrass restoration may have additional benefits because planting of vegetative fragments has been linked to low genetic diversity and poor performance of the planted stands (Williams 2001 ) , and the genetic diversity of latter will be higher if seeds or seedlings are used.
The use of seedlings from beach-cast fruits appears a feasible alternative to restore damage caused to P. oceanica meadows. Our results confirm previous evidence that dead matte is an adequate substratum for the planting of P. oceanica seedlings (Balestri et al. 1998 ) . The presence of dead matte indicates that environmental conditions in the past allowed P. oceanica growth and helps to achieve one of the main guidelines for choosing planting sites (Fonseca et al. 1998 ). Dead matte allows planting of seedlings without anchoring, and this facilitates restoration work without compromising seedling survivorship. The low rhizome growth rate that characterises this species (Procaccini et al. 2003 ) means, however, that restoration success will be achieved only in the very long-term and only if the agents driving P. oceanica loss are eliminated. Low propagule availability is another constraint of P. oceanica planting. Given the uncertainties and con straints associated with restoration, regulation of anthropogenic activities that damage P. oceanica meadows is still the best strategy to preserve this valuable and fragile coastal ecosystem.
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